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In this study, the influence of Pd and Pt insertion layers in Co/Ni multilayers (MLs) on their magnetic prop-
erties, e.g. magnetic anisotropies, saturation magnetization, coercivity, magnetic domain size, and Curie tem-
perature, is investigated. We compare three series of [Co/Ni/X]N ML systems (X = Pd, Pt, no insertion layer),
varying the individual Co layer thickness as well as the repetition number N. All three systems behave very
similarly for the different Co layer thicknesses. For all systems, a maximum effective magnetic anisotropy was
achieved for MLs with a Co layer thickness between 0.15 nm and 0.25 nm. The transition from an out-of-plane
to an in-plane system occurs at about 0.4 nm of Co. While [Co(0.2 nm)/Ni(0.4 nm)]N MLs change their pre-
ferred easy magnetization axis from out-of-plane to in-plane after 6 bilayer repetitions, insertion of Pd and Pt
results in an extension of this transition beyond 15 repetitions. The maximum effective magnetic anisotropy was
more than doubled from 105 kJ/m3 for [Co/Ni]3 to 275 and 186 kJ/m3 for Pt and Pd, respectively. Furthermore,
the insertion layers strongly reduce the initial saturation magnetization of 1100 kA/m of Co/Ni MLs and lower
the Curie temperature from 720 to around 500 K.
I. INTRODUCTION
Magnetic thin film systems with perpendicular magnetic
anisotropy (PMA) have been and are still intensively inves-
tigated. PMA is displayed in several Co-based multilay-
ered structures [1–8] and was shown to be useful for a vari-
ety of applications, including perpendicular magneto-optical
recording [9, 10], spin-transfer-torque magneto-resistive ran-
dom access memories (STT-MRAM)[11–15], domain-wall-
motion-based devices [16, 17], bit patterned media [18–21],
and biomedical applications [22]. In this regard, Co/Ni mul-
tilayers (MLs) are of particular interest because of their addi-
tional high spin polarization [23, 24] and low intrinsic Gilbert
damping [5, 11, 25–28]. PMA in these MLs is mainly con-
tributed to interface magnetic anisotropy [6–8, 29] and mag-
netoelastic anisotropy [30–32]. Theoretical calculations pre-
dict a maximum PMA for Co/Ni MLs in the fcc(111) struc-
ture at a Co thickness of one monolayer and a Ni thickness of
two monolayers[7, 33] (≈ Co(0.2 nm)/Ni(0.4 nm)), which has
been experimentally confirmed by multiple groups [3, 4, 34–
37]. Previous studies have shown that PMA of Co/Ni MLs is
strongly affected by the deposition process [38, 39], choice of
seed layers[40], and post-treatment processing, e.g. annealing
[41, 42] or ion radiation [31, 43]. This limits the feasibility
for many applications where the seed layer is not freely se-
lectable or post-deposition treatments are no option. On the
other hand, Co/Pt and Co/Pd MLs also exhibit large PMA and
are less sensitive to seed layers or sputter-deposition condi-
tions [1, 36, 44–47].
In this work, we combine these systems in order to enhance
PMA by adding Pt or Pd insertion layers to Co/Ni MLs. These
trilayer-based films provide a highly tunable system for a
wide range of applications. A previous study of Ni/Co/Pt and
Co/Ni/Pt MLs has already demonstrated enhanced PMA and
annealing stability compared to Co/Ni MLs [48]. It has also
been shown that the stacking order of the trilayer, as well as
the Pt thickness is important. Here, we focus on Pd insertion
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FIG. 1. (a) Schematic image illustrating the layer stacking of
Co/Ni/Pd(Pt) MLs. (b) Exemplary cross-section TEM image of
a Pt(5 nm)/[Co(0.2 nm)/Ni(0.4 nm)/Pt(0.6 nm)]20/Pt(5 nm) film sam-
ple.
layers and investigate their impact on the magnetic properties
as a function of ML repetition number and Co layer thick-
nesses and provide a comparison to Co/Ni and Co/Ni/Pt MLs.
II. EXPERIMENTAL DETAILS
A series of [Co(tCo)/Ni(0.4)/X(0.6)]N MLs (X = Pd, Pt,
no insertion layer; thicknesses are given in nm) with vari-
ous repetition numbers N and different individual Co layer
thicknesses tCo were investigated. The films were deposited
at room temperature by magnetron sputtering (base pressure
< 10−8 mbar) from elemental targets. The Ar pressure was
kept constant at 5x10−3 mbar during the deposition process.
The individual layer thicknesses were determined using a cal-
ibrated deposition rate. The films were prepared on Si(001)
substrates with a 100 nm thick thermally oxidized SiOx layer.
5 nm of Pt were used as seed and capping layer for the Co/Ni
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2and Co/Ni/Pt MLs. Accordingly, 5 nm of Pd were used as
seed and capping layer for the Co/Ni/Pd MLs.
We fixed the Ni and Pd/Pt layer thickness to 0.4 and 0.6 nm,
respectively, and varied the Co layer thicknesses between 0.1
and 0.5 nm. The bi- and trilayers were repeated to form MLs
with repetition numbers N between 1 and 15. A schematic
of the layer stack is depicted in figure 1 a) along with an
exemplary transmission electron microscopy (TEM) cross-
section image of a [Co(0.2)/Ni(0.4)/Pt(0.6)]20 film sample
(figure 1 b), confirming the overall layer structure. Note that it
is not possible to differentiate between Co and Ni layers be-
cause of their similar atomic number (Z contrast). Thus, only
the contrast between two equally thick layers of Co/Ni and Pt
is visible.
The integral magnetic properties of the samples were in-
vestigated by superconducting quantum interference device-
vibrating sample magnetometry (SQUID-VSM). M-µ0H hys-
teresis loops were measured in out-of-plane (oop) and in-
plane (ip) geometry at room temperature. It has been shown
that edge effects can lead to artifacts in the measured M-µ0H
hysteresis loops [49]. Thus, their occurrence was prevented by
cutting all edges of the measured samples. The effective mag-
netic anisotropy Keff was determined from the integrated area
difference between the oop and ip M-µ0H hysteresis loops.
Please note that for calculating the saturation magnetization
Ms, the total film volume (including the insertion layers) was
taken into account. In order to obtain the Curie temperature,
the oop or ip remanent magnetization was measured in the
temperature range between 300 and 800 K with a magnetic
guiding field of 10 mT. Magnetic force microscopy (MFM)
was used to receive information about the magnetic domain
structure after sample demagnetization at room temperature.
In order to access the equilibrium domain size, the samples
were demagnetized by decaying alternating magnetic fields.
III. RESULTS AND DISCUSSION
A. Co layer thickness dependence
In a first study, the individual Co layer thickness tCo
was varied between 0.1 and 0.5 nm for three sample series,
[Co(tCo)/Ni]3, [Co(tCo)/Ni/Pd]9, and [Co(tCo)/Ni/Pt]4. The Ni
and Pd/Pt thicknesses were set to 0.4 and 0.6 nm, respectively.
The repetition numbers were chosen to ensure an oop easy
axis at thinner Co thicknesses. In figure 2, exemplary oop and
ip M-µ0H hysteresis loops for four different Co layer thick-
nesses are displayed. Based on the M-µ0H data, the magnetic
properties of the three sample series as a function of Co layer
thickness were extracted and summarized in figure 3.
The effective magnetic anisotropy Keff consists of the uniax-
ial magnetic anisotropy Ku and the magnetic shape anisotropy
Ksh =
µ0
2 M
2
s :
Keff = Ku− µ02 M
2
s . (1)
The measured Keff values are displayed in figure 3 a). Pos-
itive values of Keff imply an oop easy axis, negative val-
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FIG. 2. M-µ0H hysteresis loops obtained in oop and ip geometry
of [Co(tCo)/Ni(0.4)]3 (a, b), [Co(tCo)/Ni(0.4)/Pd(0.6)]9 (c, d), and
[Co(tCo)/Ni(0.4)/Pt(0.6)]4 (e, f) with varying Co layer thickness. (All
thicknesses are given in nm)
ues an ip easy axis. If the shape anisotropy is larger than
the uniaxial one, a transition from an oop to an ip easy
axis occurs. The [Co(tCo)/Ni(0.4)]3 series shows a maxi-
mum Keff of 70± 7 kJ/m3 for 0.15 nm ≤ tCo < 0.20 nm. For
thicker Co layers, Keff decreases and the easy axis direction
changes from oop to ip between 0.30 nm < tCo < 0.40 nm.
These results confirm previous studies on thickness depen-
dencies in Co/Ni MLs revealing an optimal thickness ratio
between Co and Ni of about one to two in order to get high
PMA [3, 4, 34–37]. The sample series with insertion layers
behave qualitatively similar. All systems have their maxi-
mum Keff for a Co layer thickness between 0.15 and 0.25 nm
and their easy axis changes to the in-plane orientation at
around 0.40 nm. However, in comparison to Co/Ni, the max-
imum Keff is more than doubled with insertion layers, where
[Co(0.15)/Ni(0.4)/Pd(0.6)]9 has a Keff of 173± 17 kJ/m3 and
[Co(0.25)/Ni(0.4)/Pt(0.6)]4 of 201± 20 kJ/m3. This increase
in anisotropy can be mainly attributed to the lower magnetiza-
tion Ms (see figure 3 c)) and thus a smaller Ksh. Additionally,
the insertion layer tend to prevent intermixing at the Ni and
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FIG. 3. Effective magnetic anisotropy Keff (a), uniaxial magnetic
anisotropy Ku (b), saturation magnetization Ms (c), and coercivity
field µ0Hc (d) as function of Co layer thickness tCo. (All thicknesses
are given in nm)
Co interface, which might give rise to an increased interface
magnetic anisotropy [17, 40, 50].
Generally, Ku mainly arises from interface effects in these sys-
tems [6–8, 29]. Thus, Ku should not be thickness-dependent.
This is only observable in figure 3 b) for tCo > 0.2 nm, where
Ku saturates for all systems. Below this thickness, the Co layer
is particularly influenced by roughness and non-continuous
growth. Co/Ni MLs show larger Ku values despite the lower
interface anisotropy terms of Co/Ni (0.31 mJ/m2)[7] in com-
parison to Co/Pt (0.50 mJ/m2)[6] and Co/Pd (0.40 mJ/m2)[6].
This can be explained by the higher number of interfaces per
thickness. While Co(0.2)/Ni(0.4) MLs have 3 interfaces per
1.2 nm of film, Co(0.2)/Ni(0.4)/X(0.6) MLs contain only 2.
Additionally, the smaller amount of repetitions increases the
impact of the interfaces to the Pt and Pd seed and capping
layer.
The saturation magnetization Ms of all systems displayed in
figure 3 c) increases with Co layer thickness. The behavior of
[Co(tCo)/Ni(0.4)]3 can be modeled by a linear combination of
two individual magnetization contributions:
Ms =
tCoMs,Co +0.4Ms,Ni
tCo +0.4
(2)
The magnetizations of the Co layer Ms,Co and Ni layer Ms,Ni
were chosen as fit parameters. The measured data and fit can
be seen in figure 3 c). Ms,Co has the fit value 1892 kA/m. It
exceeds the bulk value of 1440 kA/m [51], which can be ex-
plained by the higher magnetization of ultra-thin Co films [52]
and the increasing polarisation of the Pt seed layer with Co
layer thickness. D. Weller et al. showed that there is no ad-
ditional magnetic moment enhancement for Co/Ni interfaces.
[53]. The fit value of Ms,Ni = 480 kA/m agrees well with the
bulk value of 488 kA/m [51]. The magnetization of the MLs
with insertion layers X can be fitted in a similar way:
Ms =
tCoMs,Co+X +(0.4+0.6)Ms,Ni+X
tCo +0.4+0.6
(3)
For this fit, the polarization of the insertion layer is included
both in the tCo-dependent, as well as the tCo-independent
term. The fit parameter Ms,Co+X for Co(tCo)/Ni(0.4)/Pd(0.6)
converges at 2231 kA/m. This increase in magnetization
compared to bulk Co can mainly be explained by the po-
larization of Pd, which is dependent on tCo in the an-
alyzed thickness range[30]. The tCo-independent fit pa-
rameter Ms,Ni+X for Co/Ni/Pd equals 272 kA/m. Beside
the magnetization of the Ni layer, the Pd layer polarized
by Co [30] and Ni [54] contributes. The measured val-
ues of [Co(tCo)/Ni(0.4)/Pt(0.6)]4 lead to the fit parameters
Ms,Co+X = 2413 kA/m and Ms,Ni+X = 40 kA/m. The high
value of Ms,Co+X is again due to the polarization of Pt by
Co []. The interface between Ni and Pt is known to form
a nonmagnetic NiPt alloy [55], which leads to an effectively
lower magnetization for the Ni and Pt layers. If we compare
the two insertion layers magnetization-wise, it is important to
note that the repetition number of [Co(tCo)/Ni(0.4)/Pt(0.6)]4 is
lower than that of [Co(tCo)/Ni(0.4)/Pd(0.6)]9. Despite that, Pd
generally shows a slightly larger induced magnetization which
is less dependent on the Co layer thickness. The same ob-
servation was made in reference[53] where Co/Pd and Co/Pt
MLs were compared. It was reported that Co/Pd MLS exhibit
a magnetization value 15% larger than that of Co/Pt MLs due
to enhanced orbital moment of Co and larger polarization of
Pd.
Figure 3 d) shows the coercivity field µ0Hc of the oop hys-
teresis loops for the three sample series. The increase up to
tCo =0.2 nm can again be explained by the roughness of the
sample and non-continuous growth of the Co layer. All sam-
ple series have their maximum at around 0.2 nm with the high-
est value obtained for the [Co/Ni/Pt]4 ML.
B. Multilayer repetition dependence
In a further study, we investigated the dependence on
the repetition number N for the following three sample
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FIG. 4. M-µ0H hysteresis loops obtained in oop and ip geometry
of the three sample series with varying repetition number N. (All
thicknesses are given in nm)
series: [Co(0.2)/Ni(0.4)]N , [Co(0.2)/Ni(0.4)/Pd(0.6)]N , and
[Co(0.2)/Ni(0.4)/Pt(0.6)]N . Based on the results of the Co
layer thickness study in section III A, tCo = 0.2 nm was
selected for all films. The thicknesses of Ni and Pd/Pt stayed
fixed at 0.4 and 0.6 nm, respectively. Figure 4 shows exem-
plary oop and ip M-µ0H hysteresis loops of the three sample
series. Based on the M-µ0H data, the magnetic properties
of the three sample series as a function of repetition number
were extracted and summarized in figure 5.
In figure 5 a), the behavior of Keff for N ≤ 2 can be explained
by the onset of superparamagnetism in ultra-thin films [56].
The values of Keff in Co/Ni MLs change sign between N = 5
and N = 6 and with it their easy axes transition from oop to
ip direction, which is mainly the result of increasing Ms and
later of decreasing Ku. There are two widely investigated
approaches to delay this transition up to 10 repetitions: (i)
increasing Ku by annealing [8] and seed layer optimization
[8], or (ii) decreasing Ms (Ksh) by changing the ratio of Ni to
Co [8]. Introducing a paramagnetic insertion layer does both.
The magnetization is reduced and the intermixing and rough-
ness decreases [17, 40, 50]. This leads to a contrary behavior
300 35 400 4 500 55 600 65 700 75 800
0
100
200
300
400
500
600
700
800
900
1000
1100
1200
1300
 [Co(0.2)/Ni(0.4)]3
 [Co(0.2)/Ni(0.4)]9
 [Co(0.2)/Ni(0.4)/Pd(0.6)]9
 [Co(0.2)/Ni(0.4)/Pt(0.6)]9
 linear tangents fit
M
 (
k
A
/m
)
T (K)
a)
b)
c)
d)
a)
b)
c)
e)
d)
f)
Out-of-plane In-plane
Tc, [Co/Ni]9=
720 K
Tc, [Co/Ni]3=
520 K
Tc, [Co/Ni/Pd]9 =
530 K
Tc, [ o/Ni/Pt]9 = 560 K
200
400
600
800
1000
1200
0
M
s 
(k
A
/m
)
0
200
400
600
800
1000
K
u
 (
k
J/
m
3
)
-100
0
100
200
300
K
ef
f 
(k
J/
m
3
)
0 2 4 6 8 10 12 14 16
0
20
40
60
80
 [Co(0.2)/Ni(0.4)]N
 [Co(0.2)/Ni(0.4)/Pd(0.6)]N
 [Co(0.2)/Ni(0.4)/Pt(0.6)]N
N
µ
0
H
c 
(m
T
)
-1000
-500
0
500
1000
-100 0 100
-1000
-500
0
500
1000
-1000 -500 0 50 1000
-1000
-500
0
500
1000
 N = 3
 N = 6
 N = 9
 N = 15
Co(0.2)/Ni(0.4)]N
µ0H (mT)
 N = 3
 N = 6
 N = 9
 N = 15
[Co(0.2)/Ni(0.4)/Pt(0.6)]N
µ0H (mT)
 N = 3
 N = 6
 N = 9
 N = 15
M
 (
k
A
/m
)
M
 (
k
A
/m
)
M
 (
k
A
/m
)
[Co(0.2)/Ni(0.4)/Pd(0.6)]N
FIG. 5. Effective anisotropy Keff (a), Uniaxial anisotropy Ku (b), sat-
uration magnetization Ms (c), and coercivity field µ0Hc (d) as func-
tion of repetition number N. (All thicknesses are given in nm)
of Keff in Co/Ni/X MLs: their Keff values stay mostly constant
within the studied repetition numbers. It was also possible
to increase the maximum effective magnetic anisotropy
more than twofold from 105 ± 10kJ/m3 for [Co/Ni]3 to
186 ± 19kJ/m3 for [Co/Ni/Pd]3 and 275 ± 28kJ/m3 for
[Co/Ni/Pt]6.
The Ku values shown in figure 5 b) increase for the Co/Ni
MLs up to 4 repetitions to a maximum value of about
780±162 kJ/m3 and after 7 repetitions it starts to get reduced.
The large error bars arise from the quadratic error propagation
of Ms. The behavior and values are in good agreement with
recent work of Arora et al.[8]. They showed that the moderate
decrease of Ku for N ≥ 10 can be explained by increasing
roughness and intermixing with larger N. The decrease
for repetition numbers below 3 can be again explained by
the onset of superparamagnetism. We observe a similar
behavior for the sample series with insertion layers. The
maximum Ku value of [Co/Ni/Pd]15 and [Co/Ni/Pt]6 amounts
to 445±78 kJ/m3 and 507±51 kJ/m3, respectively, which is
relatively small compared to 780±162 kJ/m3 of [Co/Ni]7.
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FIG. 6. Magnetic force microscopy images of
[Co(0.2)/Ni(0.4)]N (a), [Co(0.2)/Ni(0.4)/Pd(0.6)]N (b, d, f), and
[Co(0.2)/Ni(0.4)/Pt(0.6)]N (c, e, g) after sample demagnetization.
(All thicknesses are given in nm)
The ratio of the Ms values between the three sample series
shown in figure 5 c) stays more or less the same as already
described in section III A. Moreover, we can observe super-
paramagnetic behavior in all three systems for low N, which
is also apparent in the coercivity values µ0Hc (figure 5 d)).
In addition, we investigated the equilibrium domain size
by MFM after demagnetizing the samples. Figure 6 shows
MFM images of the three sample series with different rep-
etition numbers. It was not possible to measure images of
[Co(0.2)/Ni(0.4)]N for N=9 and 15 due to the ip orientation
of the easy axis. Theoretically, the magnetic domain size de-
pends on the ratio D0 of the domain wall and magnetostatic
energies in the following way [57]:
D0 =
4pi(AKu)1/2
µ0M2s
, (4)
whereas A is the magnetic exchange stiffness. The mag-
netic domain size D can be estimated depending on the total
film thickness t by
D(t)∝ t · exp D0
t
. (5)
D has its minimum at t = D0 in equation 5. For t < D0, D
decreases rapidly with increasing t. [Co/Ni]3 has the small-
est D0 of the analyzed samples. For Co/Ni MLs an ex-
change stiffness of A≈ 10−11 J/m is commonly assumed[58].
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FIG. 7. MagnetizationM against temperature T curve with a guiding
field of 10 mT. The Curie temperatures were estimated by linear fits
around the turning point. (All thicknesses are given in nm)
If we estimate D0 with this value, we get D0 ≈ 30 nm for
[Co(0.2)/Ni(0.4)]3. Thus, for all sample series the domain
sizes decrease with higher repetition number (total thick-
nesses t). Please note that a direct comparison of the measured
domain sizes with its theoretical estimation is hardly possible
due to the exponential dependency of equation 5 and the error
range of the measured magnetic properties. Thus, in the fol-
lowing, the evolution of the domain sizes for the sample series
is discussed only qualitatively. In the first row of figure 6 a-c)
the domain sizes of MLs with N = 3 are quite similar despite
of the differences in measured magnetic properties between
Co/Ni and Co/Ni/X (see figure 5 ). The larger Ku and smaller
t values of [Co/Ni]3 are offset by the larger Ms in equations 4
and 5. For larger repetition numbers, we can only compare the
films with insertion layers. As already mentioned, the domain
size is expected to decrease with increasing film thickness
(for t < D0), which is also observed in figure 6 b), d), f) for
Co/Ni/Pd and c), e), g) for Co/Ni/Pt. A similar behavior was
already reported for Co/Ni[59, 60] and for Co/Pt[61] MLs.
Despite a smaller Ku and larger Ms, [Co/Ni/Pd]9 exhibits more
sizeable domains, which could be a sign of a larger exchange
stiffness A in Co/Ni/Pd MLs. For 15 repetitions, [Co/Ni/Pt]15
shows slightly larger domains, which can be explained by the
smaller Ms value compared to [Co/Ni/Pd]15.
C. Curie temperatures
Furthermore, we have investigated the Curie temperature Tc
for selected Co/Ni/X MLs. In order to extract Tc, the magneti-
zation M of [Co/Ni]3, [Co/Ni]9, [Co/Ni/Pd]9, and [Co/Ni/Pt]9
was measured dependent on the temperature T (figure 7). All
6systems were saturated at 300 K and afterwards measured
with increasing T and an effective guiding field of 10 mT. The
measurement geometry of all samples was in oop direction,
except [Co/Ni]9, which was measured in ip geometry because
of its ip easy axis. Tc was estimated by the intersecting tan-
gents method.
All M − T curves, except for [Co/Ni/Pt]9, do not drop
fully to zero at their Curie temperature. Films measured
oop might also lose magnetization due to decreasing Ku,
which is induced by interfacial intermixing at these elevated
measurement temperatures[48]. The Curie temperatures of
[Co(0.2)/Ni(0.4)/Pd(0.6)]9 and [Co(0.2)/Ni(0.4)/Pt(0.6)]9 de-
termined to 530 K and 560 K, respectively, are significantly
lower than the Tc = 720 K of the [Co(0.2)/Ni(0.4)]9 ML with-
out insertion layers. The reduction in exchange energy caused
by the insertion layers is mostly responsible for that. If we
compare [Co(0.2)/Ni(0.4)]3 to the other samples, we find a Tc
of 520 K which is much lower than for the Co/Ni ML with 9
repetitions due to its smaller thickness. These values are in
agreement with literature values. It was reported that Tc of
Co/Pt and Co/Pd MLs lies between 520 and 570 K [62, 63]
depending on the multilayer composition, while Tc of Co/Ni
MLs can be as high as 950 K, similar to Co33Ni67 alloys [64].
IV. CONCLUSION
The influence of Pd and Pt insertion layers on the mag-
netic properties of Co/Ni MLs was studied. It was shown
that systems with and without insertion layers have a rather
similar Co thickness dependence. An optimal Co layer thick-
ness of tCo = 0.2 nm was validated for all systems in order
to achieve strong PMA. While Keff could be more than dou-
bled, Ms and Ku decreased drastically with insertion of Pd and
Pt. The repetition number study revealed that Keff could be
increased over the whole measured range of repetition num-
bers of at least up to 15, allowing for extending the transition
from an oop to an ip easy axis for larger repetition numbers
for samples with insertion layers. MLs with Pt as insertion
layer showed the largest Keff and µ0Hc. The variation of the
magnetic domain sizes are consistent with the corresponding
magnetic properties of the three sample series. Furthermore,
insertion of Pd and Pt decreased the Curie temperature from
720 K for [Co/Ni]9 to 530 K and 560 K, respectively.
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